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Strength properties of silicon substrates containing dense oxide and nitride surface
films are investigated using nanoindentations to introduce small flaws of predetermined
scale. The indentation flaws provide favored sites for failure in subsequent flexure
loading, even in the subthreshold region for indentations without visible corner
cracking, confirming that microflaws generated within the indentation zone act as
effective crack sources in the substrate. Deposition of the oxide films increases the
strength while the nitride films diminish it at any given indentation load. The strength
shifts are attributed primarily to the presence of residual compressive stress in the
oxide, tensile stress in the nitride. A fracture mechanics formulation based on a
previous analysis for monolithic substrates is here adapted to allow for a superposed
crack closing or opening stress-intensity factor term associated with the residual
stresses. Allowance is also made in the mechanics for the influence of the film on
effective hardness and modulus of the substrate. The formulation accounts for the basic
strength shifts and enables evaluation of the magnitude of the residual stresses. The
results quantify the susceptibility of basic device materials to damage from small-scale
contacts and impacts.

I. INTRODUCTION

The presence of thin films is of practical importance in
semiconductor and microelectromechanical system
(MEMS) technology. Such films can profoundly influ-
ence the properties of a device material. For thin film
systems in general, the mechanical properties that have
been most widely studied are elastic modulus E and hard-
ness H using nanoindentation probe techniques.1–9 A re-
cent study of silicon deposited with oxide and nitride
films reveals distinctive trends in these two properties:10

nitride films tend to harden and stiffen the silicon sub-
strate; oxide films tend the opposite way.

One mechanical property that has received much less
attention is strength, especially in the context of suscep-
tibility to damage from small-scale contacts. Strength
properties of pristine silicon without any films (other
than ≈1 nm native oxide) have been recently meas-
ured.11,12 However, the effect of thin films on strength
properties is yet to be studied. It is well documented that
residual stresses in the film layers can seriously deform
substrates in small-scale devices,13 but how do these re-
sidual film stresses influence the critical stresses to cause

failure? There is a need to understand the basic strength-
determining factors that can limit the prospective lifetime
of device materials.

In this paper, we examine the role of surface films on
the susceptibility of silicon to extraneous damage. Sili-
con is an ideal substrate material, not only because it is
the industry standard for microelectronic and MEMS
systems, but also because its basic strength properties are
well understood. Dense thermally grown oxides and low-
pressure chemical-vapor deposited (LPCVD) nitride
films of prescribed thicknesses are adopted as coating
systems. Nanoindentations are used to place controlled
flaws of prescribed size into the film surfaces. The flex-
ural strengths of the indented specimens are then re-
corded as the critical stresses to initiate failure from the
indentation sites. We demonstrate that the oxide film
strengthens the surface, while the nitride film weakens it.
Finally, a simple fracture mechanics analysis, extended
from a previous study but here incorporating the effect of
the surface films, is developed to enable the residual
stress state to be quantified.

II. EXPERIMENTAL

Monocrystalline silicon with highly polished (100)
surfaces (<1 nm surface finish) was used as a substrate
material (University Wafer, South Boston, MA). Plates
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25 × 25 × 1 mm were cut from the as-supplied wafers.
Surfaces were coated with two kinds of dense thin
films: (i) oxide, by thermal oxidation (moist oxygen at
1100 °C); and (ii) nitride, by low-pressure chemical va-
por deposition (LPCVD, SiH2Cl2/NH3 gas at 830 °C).
Films ranging in thickness from d � 50 nm to 1.2 �m
were deposited, somewhat larger than generally used in
device technology but expedient for highlighting effects
on strength. Previous characterization by x-ray diffrac-
tion (XRD) and atomic force microscopy (AFM) of the
oxide and nitride films indicated an amorphous state with
no increase in surface roughness from the deposition and
no detectable porosity.10

Nanoindentations (Nanoindenter XP, MTS Systems
Corp., Oakridge, TN) were placed in the specimen sur-
faces using a Berkovich diamond (tip radius < 100 nm).
These were made at a fixed strain rate 0.05 s−1, such that
each test lasted approximately 4 min over the loading
half-cycle, with hold time 10 s at peak displacement and
approximately 20 s unload time. All indents were made
in air. Similar indentations were made on the “pristine”
as-polished silicon surfaces as a comparative baseline.
Presumably, these surfaces contain a relatively thin na-
tive oxide film ≈1 nm thick. Elastic modulus E and hard-
ness H were routinely evaluated from the indentation
load–displacement (P–h) curves,14 for a range of peak
indenter loads P � 1 mN to 2 N. Representative inden-
tation sites were examined using AFM (Digital Instru-
ments Nanoscope IIIa, Veeco Metrology, Santa Barbara,
CA) with a gold-coated silicon nitride tip in contact
mode.

Strengths of the plates were measured in a bilayer test
configuration (Fig. 1).15,16 The indented surfaces were
inverted and glued face down to transparent polycarbon-
ate support bases 12.5 mm thick with a thin (10 �m)

layer of epoxy resin. Some plates were bonded without
preindentation to determine strengths of surfaces with
natural (polishing) flaws. The plates were mounted onto
a specimen stage of a mechanical testing machine (Ins-
tron 8500, Instron Corp., Boston, MA) and loaded at
the top surface with a tungsten carbide sphere of radius
3.18 mm, taking special care to align the indentation sites
along the load axis. The plates were viewed with an
inverted video camera arrangement from below the poly-
carbonate base15 to ascertain the source of fracture, i.e.,
indentation site or natural flaw. Strengths were calculated
from S � (L/BD2)log(E/EP), where L is the load at fail-
ure, D is plate thickness, E is modulus of the upper plate
and EP � 3.25 GPa modulus of the polycarbonate, and
B � 1.35.17 This relation neglects the presence of the
thin film and assumes that failure initiates in the sub-
strate. In this way, strength S was measured as a function
of indentation load P for specimens with different films
and thicknesses d. The bilayer strength test configuration
in Fig. 1 samples only a small volume immediately
around the indentation site, conveniently avoiding edge
and support failures. However, as with most strength
tests, it allows only one test result per specimen.

III. THEORETICAL MODEL FOR
STRENGTH DEGRADATION

A. Background

A simplified fracture mechanics analysis for initiation
of failure from incipient microcracks within quasiplastic
indentation damage zones has previously been developed
for monolithic materials and validated using strength
data on silicon substrates containing nanoindentations.12

In this section we adapt that analysis to allow for the
presence of a film of thickness d at the indentation sur-
face. The film is presumed to contain a residual stress �R

from film/substrate thermal expansion mismatch. For
relatively thin films, any counterbalancing stresses in the
substrate may be considered negligible. Such film re-
sidual stresses may be expected to enhance or inhibit any
ensuing cracking in the substrate, depending on whether
these stresses are tensile or compressive.

The film/substrate is subjected to contact with a sharp
indenter at load P, contact dimension a (distance from
center to corner), penetration h (Fig. 2). The hardness of
the substrate is14,18

H = P��a2 = P���h2 , (1)
with � and �� dimensionless coefficients. In the approxi-
mation a � d, the bulk of the elastic-plastic deformation
resides in the substrate. The principal role of the film is
then to exert an opening or closing force on any cracks
initiating in the substrate. However, this approximation
is less valid in the sub-threshold flaw region, and we
shall later incorporate a correction term to allow for the

FIG. 1. Bilayer test configuration, showing ceramic plate of thickness
D with film of thickness d bonded to polycarbonate support. Plate
contains a Berkovich diamond nanoindentation at its lower surface,
with a residual stress �R, and is loaded at its top surface with concen-
trated force L. Tensile stresses at plate undersurface are localized
around centrally aligned indentation site.
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modifying effect of the film on effective hardness H in
this region (Sec. III. D).

The indentation develops a quasiplastic damage zone
consisting of shear-induced slip faults which act as in-
cipient sources for initiation of radial cracks in the sub-
strate.19–24 The essence of the simplified approach is to
treat the subcritical shear faults as “equivalent” mode I
cracks of size c ≈ a.19,20,24 At a critical load, the cracks
extend initially on median places (planes normal to the
surface and containing the indentation axis) below the
surface and complete themselves in half-penny configu-
rations of radius c, with radial traces on the top surface.25

To first approximation, any distorting effects of the re-
sidual stresses on the penny-like crack geometry near the
specimen surface are neglected. The goal is then to de-
termine the strength S of the specimen containing such
indentation flaws as a function of contact load P.

B. Subthreshold flaws

At sufficiently low indentation loads the indentations
contain no visible radial cracks at their corners. This is

the subthreshold region. In a strength test, radial crack
initiation from cracklike slip faults of dimension a within
the quasiplastic zone takes the system spontaneously to
failure. Following the previous formalism for monolithic
solids,12 the stress-intensity factor for the equivalent
microcrack flaw may be written in the generic form

K = ��a1�2 + �Ha1�2 + 2��Rd1�2 , (2)

where �, �, and � are crack-geometry coefficients. The
first term on the right represents the driving force from an
applied tensile stress �, in this case by bilayer flexure;
the second is from an elastic-plastic residual indentation
field, proportional to hardness H; the third term allows
for the superposed effect of the residual stress �R in the
film.26,27 In this third term, for a � d (Fig. 2), the effect
of the residual stress is considered to be equivalent to an
opening or closing line force �Rd acting on the crack
trace.26 Actually, one might include a fourth term, allow-
ing for the presence of a residual stress of opposite sign
in the substrate, but such a term is small for relatively
thin films and is neglected here.27

On increasing the applied stress �, the flaw remains
stationary until K � T (single-valued toughness, KIC) is
reached at a critical stress � � S, at which point it
extends unstably to failure. This condition defines the
strength

S = �1����T��a1�2 − �H�

= �1������H�P�1�4T� − �H� , (3)

using Eq. (1), where T� defines an “effective toughness”

T� = T − 2��Rd1�2 . (4)

The definition of Eq. (4) reduces the relations in Eq. (3) to
the same form as for a substrate without any film, with
T� replacing T.12 In this formulation, the effect of the
residual stress �R is simply to diminish or enhance the
effective toughness T� of the substrate material, depend-
ing on whether �R is tensile or compressive. Since the
radial crack is presumed to initiate in the substrate, T in
Eq. (4) pertains to the substrate material. However, the
presence of the film will influence the “effective hard-
ness” H in Eq. (3); allowance for this influence will be
made in Sec. III. D.

The limiting condition �S -�0 in Eq. (3) defines the
threshold contact size a � a* for spontaneous radial
cracking, i.e. in the absence of any applied stress:

a* = �T���H�2 (5a)

P* = 2T�4��4H3 . (5b)

C. Postthreshold flaws

Beyond the threshold at a > a*, fracture initiates spon-
taneously from the indentation corners prior to applica-
tion of any applied tensile loading, and arrests in the

FIG. 2. Schematic showing sharp indentation at load P, contact di-
mension a, penetration h, onto silicon plate with surface film of thick-
ness d; (a) top view, (b) section view. Film contains residual in-plane
stress �R. Shear faults form within deformation zone of dimension a
and initiate radial cracks of dimension c.
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well-known radial crack formation with characteristic
size c. The stress-intensity factor for the well-developed
radial crack in subsequent biaxial loading has the same
form as Eq. (2) above, but with the second term on the
right replaced by �P/c3/2, where � is an elastic-plastic
stress-field coefficient25,28–30

K = ��c1�2 + �P�c3�2 + 2��Rd1�2 . (6)

On increasing the applied stress, the radial crack
propagates stably to a critical size at dK/dc � 0, K � T,
defining the strength � � S12,25,28

S = 	�T�4�P�1�3 , (7)
where 	 � (3/4�)(1/4�)1/3. Again, the equations have
the same form as for monolithic substrates, but with T�
replacing T.

D. Effects of hardness and modulus variations

Allusion was made above to a dependence of hardness
H on load P for substrates with a film of thickness d. As
indentation penetration h diminishes, the indentation
field samples a greater proportion of the film, so that H
deviates increasingly from that of the substrate. For a

FIG. 3. AFM images of Berkovich nanoindentations in silicon (100), at loads shown: (a,b) with pristine (as-polished) surface; (c,d) with oxide
surface film, thickness d � 580 nm; and (e,f) with nitride surface film, d � 780 nm. Note relative suppression of cracking in oxide films,
enhancement in nitride films.
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given indentation load P, such deviations will influence
H, the more so for smaller h and larger d. It follows
that any such modifications are most likely to be felt in
the subthreshold flaw region. Allowance for this factor
may be made using an existing empirical relation for
effective hardness H in terms of relative indenter pen-
etration h/d10

H = Hs�Hf �Hs�
M , (8)

where Hs and Hf refer to the substrate and film, respec-
tively, and the exponent term M is a geometrical function

M = 1��1 + B��h�d�D�� . (9)

The values B� � 1.47 and D� � 1.71 are found to give
a reasonable fit to hardness data for the film systems
of interest here, with Hs � 12.7 GPa (silicon), Hf �
11.5 GPa (oxide), and Hf � 35.0 GPa (nitride).10

Equation (9) can also be expressed in terms of inden-
tation load P, using Eq. (1) to eliminate h. Combination
of Eqs. (1), (8), and (9) with Eqs. (2), (3), and (5) then
corrects for the influence of film properties on the sub-
threshold strength relations.

The post-threshold region of well-developed radial
cracks is much less sensitive to film influence. The
elastic-plastic coefficient in eqn. 6 has the form � 

(E/H)1/2, with E Young’s modulus.29 Like H, E is
dependent on film thickness h, in a manner analogous to
Eqs. (8) and (9).10 However, the coefficient 	 that de-
termines strength in Eq. (7) depends only on �−1/3 or
(E/H)−1/6, in which case any such variations may be con-
sidered insignificantly small.

IV. RESULTS AND ANALYSIS

Figure 3 shows AFM images of Berkovich indenta-
tions for monolithic (100) silicon and silicon with oxide
and nitride films in two load ranges, P � 30 to 40 mN
(left) and P � 50 to 65 mN (right) (equivalent to contact
penetration ranges h � 300 to 500 nm and h � 500 to
600 nm). In monolithic silicon [Figs. 3(a) and 3(b)], the
indentations shown span the threshold for visible radial
cracking at impression corners: i.e., no visible cracking
in Fig. 3(a), corner cracking in Fig. 3(b). In silicon with
oxide film [Figs. 3(c) and 3(d)], neither of the indentation
images show corner cracking. In silicon with nitride film
[Figs. 3(e) and 3(f)], on the other hand, corner cracks are
apparent in both images and are relatively large. Thus the
oxide suppresses the threshold for cracking while the
nitride enhances it.

Figures 4 and 5 are plots of strength S versus maxi-
mum Berkovich indenter load P for silicon with dense

oxide and nitride films, respectively. Each figure con-
tains data for specified film thicknesses d. Individual data
points represent single tests.12 Both figures include data
for monolithic silicon as a reference baseline. Filled sym-
bols represent breaks from indentation flaws, unfilled
symbols breaks from natural flaws. Shaded boxes at the
left axis show mean and standard deviation strengths for
>25 specimens, monolithic and deposited, on control
specimens without indentations. Data for breaks from

FIG. 4. Strength S of silicon plates containing oxide films of specified
thicknesses d, as function of indentation load P. Data points represent
breaks from indentations (filled symbols), or from natural flaws (un-
filled symbols). Solid curves are data fits to Eq. (3) (subthreshold) and
Eq. (7) (postthreshold). Shaded box at left axis is mean and standard
deviation for specimens without indentations.

FIG. 5. Strength S of silicon plates containing nitride films of speci-
fied thickness d, as function of indentation load P. Data points repre-
sent breaks from indentations (filled symbols), or from natural flaws
(unfilled symbols). Solid lines are data fits to Eq. (3) (subthreshold)
and Eq. (7) (postthreshold). Shaded box at left axis is mean and stan-
dard deviation for specimens without indentations.
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postthreshold indentations with excessive chipping12 are
omitted from the plots. The data shifts clearly indicate
strengthening and weakening effects for the oxide and
nitride films, respectively. Note the large scatter for data
from thicker films, suggesting perhaps some loss in film
integrity in this thickness region.

Solid lines through the data in Figs. 4 and 5 are curve
fits using Eqs. (3) and (7), in conjunction with Eqs. (1),
(8), and (9). First, regression fits are made to the mono-
lithic silicon data for indentation-site failures, using T� �
T � 1.1 MPa1/2 for silicon and adjusting the coefficients
� � 0.45 and � � 0.058 in the subthreshold region and
	 � 1.25 in the postthreshold region. [These parameter
evaluations are only slightly different to those in a pre-
vious study of (111) surfaces,12 corresponding to a small
upward data shift along the S axis.] Fits to the data sets
for silicon with films are then made using the same
coefficients but adjusting T� for each value of d. In
this latter case, we insert � � 1.30 and �� � 13.0 for
Berkovich indenters into Eq. (1), corresponding to con-
tact dimension a measured from indentation corner to
center and peak-load penetration h measured from in-
dentation surface18 (neglecting any pile-up around the
indenter—good for hard, brittle materials31). Note that in
Fig. 5, the threshold for the substrates with thicker films
is displaced to the left of the data range.

Values of T� with standard deviation error bars are
plotted as a function of root film thickness d1/2 in Fig. 6,
in accordance with Eq. (4). Linear fits to the data [as-
suming � � 1 in Eq. (4)]26 then yield estimates of
the residual stresses in each film type, i.e., �R � –233 ±
58 MPa for the oxide and �R � +228 ± 68 MPa for the
nitride (mean and standard deviation).

V. DISCUSSION AND CONCLUSIONS

We have measured strengths S of silicon with dense
oxide and nitride surface films of specified thicknesses d
containing nanoindentations made at load P. Whereas the
oxide film enhances strength (Fig. 4), the nitride film
degrades it (Fig. 5). The strength shifts correspond to an
increase (oxide) or decrease (nitride) in the threshold
loads for radial cracking, as indicated by the intersection
of the subthreshold and postthreshold curves and as ob-
served in the images of Fig. 3. A fracture mechanics
model has been developed to account for the strength
shifts, based on the notion that residual stresses within
the film act to close or open cracks in the silicon sub-
strate. The influence of the residual stresses �R is sub-
sumed into an effective substrate toughness term T� in
Eq. (4), which replaces the intrinsic toughness T for
monolithic materials in Eqs. (3), (5), and (7).

The data shifts in the strength plots in Figs. 4 and
5 have been used to evaluate the residual stresses for
each film type. Evaluations made this way may be
compared with those calculated from a relation for
stresses in bilayers with thermal expansion mismatch,
�R � (�f – �s)Ef�T/(1 – �f),

32,33 inserting the follow-
ing parameters: film expansion coefficients �f � 0.5 ×
10−6 oC−1 (fused silica) and �f � 3.6 × 10−6 oC−1 (sili-
con nitride),34 substrate coefficient �s � 2.5 × 10−6 oC−1

(silicon);35 film moduli Ef � 70 GPa (fused silica) and
Ef � 170 GPa for (silicon nitride), along with common
Poisson’s ratios �f � 0.22. This relation yields �R �
−189 MPa (oxide) and �R � +314 MPa (nitride), which
compare with �R � −233 ± 58 MPa (oxide) and �R �
+228 ± 68 MPa (nitride) from the data fits in Fig. 6.
Given the scatter of data in Figs. 4 and 5, along with
limitations in the fracture mechanics formulation (see
below), the quantitative determinations from the current
strength data should probably be regarded as no more
than estimates.

Once the parameters �, �, and 	 in Eqs. (3) and (7)
have been “calibrated” for a given substrate material, the
same equations can be used to predict the strength re-
sponse S(P) for any film of given thickness d and mis-
match residual stress �R. However, in using the fracture
mechanics analysis, it is well to be aware of several
limitations in the underlying assumptions. It can be en-
visioned that film toughness properties can become im-
portant, even dominant, at ultra-small contacts. Then, in
considering the opening or closing influence of the film
residual stress in the fracture mechanics, it is assumed
that the cracks retain an essential penny-like character.
Instead, the cracks must splay out or pinch in near the top
surface so that, strictly, the analysis should include an
additional geometrical modification factor. As a result
of these assumptions, our method is probably not a reli-
able means of quantifying film residual stresses, but

FIG. 6. “Effective toughness” T� as function of root film thickness
d1/2, for silicon substrates with oxide and nitride films. Solid lines are
fits to Eq. (4).
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nevertheless remains a valuable indicator of trends in
strength properties for film systems fabricated under dif-
ferent deposition conditions.
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